We investigate, in terms of production from pulsars and their nebulae, the cosmic ray positron and electron fluxes above ∼ 10 GeV, observed by the AMS-02 experiment up to 1 TeV. We concentrate on the Vela-X case. Starting from the gamma-ray photon spectrum of the source, generated via synchrotron and inverse Compton processes, we estimated the electron and positron injection spectra. Several features are fixed from observations of Vela-X and unknown parameters are borrowed from the Crab nebula.
Introduction
The AMS-02 experiment extended the observed cosmic ray (CR) electron, positron and electron plus positron spectra from 0.5 GeV up to 700 GeV, 500 GeV and 1 TeV respectively [see 1, 2] . CR particles generated and accelerated at known sources are considered as primaries. For instance, the main component of electron spectrum is that produced by supernova remnants (SNR). CRs are also produced directly inside the interstellar medium (ISM). In fact, positrons were supposed to be mainly originated from the decay of muons produced by CR interactions with the ISM [e.g., 3]. These particles are commonly referred to as secondaries. Primary plus secondary CR spectra outside the region interested by the solar activity (i.e., the heliosphere) are known as local interstellar spectra (LIS, see e.g., Sect. 2). In this work we focus our attention on electron and positron spectra. Moreover, we will refer to electrons produced in SNR and in the ISM as the "classical" electron LIS and to positrons produced in the ISM as the "classical" positron LIS (e.g., "classical" LIS, hereafter cLIS). At low energy, less than ∼ 10 GeV, due to solar modulation, the observed CRs spectra deviate from LIS's (see Fig. 1 and, for instance, 4, 5). At higher energy, it is commonly acknowledged that, inside the heliosphere, particle propagation is little affected by solar modulation, thus the omnidirectional distribution is the one determined by the LIS. Nevertheless observed spectra of electrons and positrons [see 1, 2] exceed the cLIS computed with GALPROP (see Sect. 2) at high energies (e.g., see Fig. 1 ). We evaluated the excess for electrons and positrons subtracting the cLIS from the AMS-02 fluxes and we found an equal amount for the electron excess and the positron one (see Fig. 2 ). Therefore, we take the electron plus positron flux observed by AMS-02 as reference data, extending the comparison with models up to 1 TeV due to the experimental accuracy.
In this paper, we investigate possible astrophysical sources of positrons and electrons i.e., pulsars and their nebulae (see Sect. 3 and e.g., 6, 7, 8) , which may account for the flux excess, without the need to look for more exotic explanations, e.g., in the framework of dark matter scenarios [see e.g., 8, 9, 10] . Previous works already explored this scenario (see e.g., 11, 12, 13, 14, 15, 16) . Differently from the usual ap-proaches, we evaluated the contribution from astrophysical sources reproducing photon spectra in agreement with the observations.
In particular we consider Vela-X as a source of pair production and acceleration.
The positron and electron injection spectra are obtained using the diffusion process inside the pulsar wind nebula (PWN) of Vela-X (see Sect. 3.1 and e.g., 17). Shape and luminosity of the flux are fitted in order to be consistent with the gamma-rays spectrum observed from the source. Using a diffusion model described in [18] , we evaluated the particle spectra at the Earth position (see Sect. 3.2) . A comparison with experimental data is, finally, discussed in Sect. 4, while we report our considerations and conclusions in Sect. 5.
Preliminary results, on materials obtained in this paper, were presented as conference contributions in [19, 20] .
Electron and positron Spectra

The "classical" Local Interstellar Spectra
The propagation of cosmic rays in the Galaxy can be described by the diffusion equation (e.g., 21, Chap. 3 and 22):
where the time evolution of the energy density n i = dN i /dE of cosmic ray species i with energy E depends on the source term Q i , diffusion coefficient D i usually described by a power law in the energy 23, 24] , the change of the particle energy per unit time b i , catastrophic processes p i and nuclei collisions P i . Equation
(1) accounts for i) the propagation of primary components like, e.g., electrons, protons and carbon nuclei mainly accelerated in SNRs [21, Chap. 4] and ii) the production of secondary spectra like, e.g., positrons and Boron nuclei produced from interaction of primary CRs with the ISM.
The most recent data provided by PAMELA and AMS-02 were discussed by many authors. For instance, [25] introduced two slopes in the diffusion coefficient in different energy range to explain the proton and helium spectrum; [26] interpreted the CR spectra using an inhomogeneity source distribution following the stars concentration in the galactic spiral arms; [27] modelled the rising of the PAMELA and AMS-02 positron flux as due to purely secondary origin, without taking into account the energy losses. The GALPROP model solves numerically Eq. (1) for all the relevant CR species in a cylindrically symmetric space [28] , with a galactic radius R Gal. and height h Gal. . Therefore, hereafter, we will use the most comprehensive propagation model;
i.e., the GALPROP model by which we evaluate, at the same time and with the same propagation parameters, the local interstellar spectra of several kind of particles: protons, electrons, ions, anti-particles and photons used for the electron energy loss.
The GALPROP code 1 returns the predicted "classical" LIS for the specific particle at the Solar System. The solution of Eq. (1) depends on parameters like the boundary conditions of the galactic effective volume for CRs diffusion, the diffusion coefficient and the injection spectra characterized by power laws with different spectral indices for nuclei, protons (γ p ) and primary electrons (γ e ). To determine these parameters, we compared the spectra obtained in this way with the experimental data above ∼ 10
GeV (energies high enough to neglect solar modulation effects), then we tuned the coefficients minimizing the discrepancies. The calculated spectra were normalized at 50
GeV with measured proton, electron and ion fluxes at Earth. For proton and electron spectra we used the AMS-02 data [1, 29] , while for the ions ratios B/C, Be/B, Be/C, Li/B, Li/Be and Li/C we referred to the online cosmic ray database reported in [30] .
The available data are best described using the parameters listed in Tab. 1. In Fig. 1 we reported the comparison between the cLIS's and AMS-02 data for electron, positron and electron plus positron spectra. The cLIS's, coming from GALPROP, were reported, in solid lines, for energy above 10 GeV where solar modulation is negligible.
Since the choice of the values of Tab. 1 is not unique, we modified, one by one, the main GALPROP parameters responsible for the diffused spectra (the galactic height and the diffusion coefficient), as reported in Tab overall uncertainty is included in the shadowed regions of Fig. 1 . We also found that the cLIS, obtained with the parameters of Tab. 1 and 2, is compatible with thep/p ratio of PAMELA [36] and AMS-02 [35] .
Parameters Range
Diffusion Coefficient Index 0.3 < δ < 0.4 Table 2 : Ranges of propagation parameters used in GALPROP code to determine the errors in the LIS evaluation.
Electron and positron flux excess at high energy
The omnidirectional intensity excess for electrons and positrons are shown in Fig.2 .
The difference between the observed AMS-02 spectra and GALPROP cLIS's (solid lines of Fig. 1 ) were calculated for energy above ∼ 10 GeV (where the solar modulation effects are negligible) and requiring at least a difference (above 10%) between the two fluxes. Under these constraints the electron and positron signal is reported for energy above 90 GeV and above 10 GeV, respectively. We report also the electron plus positron spectrum, above 50 GeV, divided by a factor two for a comparison with respect to the other data. The error bars of these data come from the experimental observations. We can remark how these excess spectra of positrons and electrons can be fitted using similar power laws. The electron signal spectral index, resulting from the fit, is −(2.503 ± 0.353), for positrons we have −(2.502 ± 0.030), while for electron plus positron spectrum we have −(2.568 ± 0.088). The points of Fig. 2 are dependent on the parameters used in GALPROP. The uncertainties due to the choice of the GALPROP parameters result as a scale factor of the omnidirectional intensities in Fig. 2 . This uncertainty is mostly constrained by the positron spectrum and can be accounted as a scale factor of ∼ 5% at 100 GeV and above, while at lower energy it is ≤ 20%. For the electron plus positron spectrum, the uncertainty at 1 TeV is about 25%. Hereafter, we will compare our source models with the electron plus positron spectrum since the upper point reaches 1 TeV.
Pulsars as possible sources of the excess components
Looking at Fig. 2 , above 50 GeV, a region marginally affected by the solar modulation, it is possible to say that the electron and positron signals are compatible. Thus, the dominant physical process is expected to proceed via a pair production mechanism.
Pulsars (PSRs) are among the most likely sources of electron-positron pairs. The high magnetic field and the fast rotation of these neutron stars lead to huge electric fields [37] . Electrons produce high energy photons via curvature radiation. The interactions between photons and high magnetic fields generate pairs [38] with shock fronts, are accelerated and get a power-law energy spectrum. They radiate at lower energies, from radio frequencies to X-rays, through the synchrotron process in the magnetic field of the nebula. The highest energy part of the spectrum comes from inverse Compton scattering of the radiation field: synchrotron radiation generated by the PWN, cosmic microwave background (CMB), infrared and star-light photons (e.g., 44, 45, 46) . The gamma ray spectra of PWN reach very high energy, for instance, tens of TeV. The observed high-energy emission from the Crab Nebula has been modelled in detail by several authors [see 44, 45, 47, 46, 48] . High-energy processes in other PWN such as that of the Vela-X nebula, the nebulae around PSR 1706-44, PSR 1509-58, 3C
58, CTB 80 and other few nebulae have been also studied in [49, 50, 51, 48, 52] . It was also suggested that the production of gamma-rays in the interactions of hadrons with the matter of the supernova could contribute to the higher energy end of the observed spectrum, especially in the case of the youngest nebulae [see 53, 45, 54, 52] .
Electron and positron spectra at the source
Since pulsars are rotating magnetized neutron stars, basically PSR lose their energy through the electromagnetic radiation of the magnetic dipole spinning around a tilted axis. Within a simplified model, it is possible to determine the main physical parameters of the pulsar (like magnetic field or energy loss) starting from the rotation frequency (ν) of the pulsar, its first (ν) and second (ν) derivative. The spin down of the pulsar is assumed as:ν
where k depends on the magnetic moment and on the moment of inertia of the neutron star and n is the braking index that would be equal to 3 for a magnetic dipole. Assuming constant k, from Eq. (2) we get:
Moreover, integrating Eq. (2), assuming constant k, the age of the pulsar (τ age ) can be obtained:
Here ν 0 is the birth rotation frequency. The time evolution of spin-down luminosity is given by [e.g., 55]
where L 0 is the initial spin-down luminosity and τ 0 = P 0 /(n − 1)Ṗ 0 is the initial spindown time scale.
To evaluate the energy spectrum of electrons and positrons at the source, we follow the approach described in [17] . This method is similar with others reported in [56, 55] .
The time dependent model by [17] describes both particle and photon injection spectra from the nebula. It assumes an initial particle injection rate, produced by the pulsar, that follows a broken power law with indices α 1 and α 2 and energy break E b :
where E e is the particle kinetic energy and Q 0 (t) can be derived by requiring the continuity of the two power laws and that Q(E e , t)E e dE e = ηL(t),
with η the conversion factor of the spin-down power L(t) into particle luminosity. The diffusion equation for the differential electron density n e (E e , t) = dN(E e , t)/dE e can be approximated as ( [17, 56, 55] ):
The particle spectrum obtained as a solution of the Eq. (8) over time from t = 0 to t = T (age of the PWN) is:
where τ
esc corresponding to the lifetime of an electron with respect to both synchrotron energy loss and escape timescale (i.e., the time to diffuse 1 PWN radius). In Ref. [17] , the authors applied their model to the Crab nebula, for which an accurate spectral energy distribution is known, due to numerous observations from radio frequency up to gamma rays (see 17 and references therein). The low energy spectral index (α 1 in eq.6) is generally fixed by fitting the synchrotron spectrum at low frequency. The high energy spectral index (α 2 in eq.6) is however related to the inverse Compton process. In the next subsection we will use this result as source spectrum of the electron and positron excess spectra at Earth.
Electron and positron spectra at the Earth
Following the approach reported in [18] , the time evolution of the energy density n e ( x, E, t) of electrons or positrons from a single source distant x from the Solar System, with energy E and after a diffusion time t, is obtained disregarding the last two terms of Eq. (1) [see 57], i.e.,
In Eq. (10), the term b(E) accounts for the rate of energy loss due to ionization, Bremsstrahlung, synchrotron and inverse Compton processes [e.g., 58, Chap. 4]. However, above ∼ 1 GeV, the only relevant mechanisms are synchrotron and inverse Compton. Furthermore, above few GeV, using an average interstellar magnetic field of 3 µG and the photon radiation fields reported in [57] ( Table 2 , model M1), the fit of the total energy loss rate can be described by a power law as in:
where b 0 ∼ 7 · 10 −17 GeV −1 s −1 (value in agreement with those reported in e.g., 59, 60).
Due to the high rate of energy loss, a positron or an electron of 100 GeV dissipates most of its energy in about 10 6 years and can diffusively travel up to a typical distance of about 2 kpc. Thus, sources responsible of the high energy positron and electron excess (observed by PAMELA, 61, and AMS-02, 62, 63) are located in a region relatively close to Earth (within a distance of ∼ 2 kpc).
Then, we fit the injection spectrum, i.e., the results of Eq. (9), as a function of the initial energy E 0 , using a power law with spectral index α and an exponential energy cut-off E cut :
the interstellar diffused spectra of electrons and positrons from Eq. (10) is [22, 18] :
where t is the diffusion time (i.e., the time spent to reach the solar system), x is the distance between the source position and the Earth and λ d is the mean distance travelled by particles with initial energy E 0 = E/(1−b 0 tE) down to energy E resulting from both energy loss and diffusion processes given by
Eq. (13) allows one to evaluate the electron and positron spectra at Earth coming from PWN for energies beyond ∼ 10 GeV, i.e., energies high enough to neglect solar modulation effects.
The case of Vela-X: Results
The pulsar J0534+2200, located inside the Crab Nebula, the remnant of a supernova explosion occurring in A.D. 1054, is an extremely well studied object. This young source can give us information about the first step of the life of a generic PSR/PWN.
Note that the Crab distance is about 2 kpc and, due to the age, we can not see yet particles coming from that source at Earth. The TeVCat catalogue 2 contains less than 40 PWN observed in the TeV energy range. Only five of them are closer than 2 kpc and were observed by Cherenkov telescope experiments like HESS [64, 65] , Veritas [66, 67] and Magic [68] . Vela-X belongs to this sample. These observations regard a small fraction of known pulsars and they are much less complete and accurate in comparison with the Crab Spectral Energy Distribution (SED). Indeed it is widely believed that PWN are no more observable after the early phase of expansion. [18] suggested that all the pulsars have an initial stage as PWN and the lifetime of these objects is about 
Model 1: using observed parameters for Vela-X
Vela-X was detected by HESS [65] in the very high energy gamma ray band, the spectrum can be fitted by a power law with the photon index Γ γ = 1.45 ± 0.09 stat ± 0.2 sys in the energy range between 550 GeV and 65 TeV and an exponential cut-off at an energy of 13.8 ± 2.3 stat ± 4.1 sys TeV. The X-ray part was detected using ROSAT combined with ASCA data [70, 71] . The spectrum observed in this region has a spectral index of Γ X ∼ 2. The observation of the timing property of the pulsar gives us the basic information to evaluate the braking index as in Eq. (3). Vela is one of the few pulsars [72] for which it is possible to measure the braking index: n = 1.4±0.2 [73] . Therefore, we built a model based on the observed parameters of Vela and we assumed a value of n not dependent on time. The birth period P 0 can be evaluated by Eq. (4) knowing the frequency, its derivatives and the age of the object. The CRAB source is the only one for which all these parameters are known. For this reason, we assumed the same initial rotation period of the Crab pulsar (P 0 ∼ 20 ms, 74). In this way, Eq. (4) gives an age
for Vela of about 26 kyrs (instead of the common characteristic age τ age,c = 11 kyrs).
The results reported in Fig. 3 and 4 (Model 1) come from this analysis. We get a photon spectrum compatible with the HESS and ASCA data requiring a conversion efficiency of the spin down luminosity of about η = 0.5% for both electrons and positrons. The Model 1, reported in the figures, is the diffused spectrum at the Earth for which we set T ∼ 10 kyrs, in comparison with the initial spin-down time scale which is evaluated to be τ 0 ∼ 29 kyrs. We also decided to vary the P 0 -value in the range: 10 < P 0 (ms) < 30.
Consequently, Vela age changes from 33 to 19 kyrs. In all cases, we fit the photon spectrum in agreement with the ASCA and HESS data. For this purpose we change the efficiency inside the range 0.25 < η (%) < 1 respectively and the released time from 22 to 5 kyrs. The band of the model reflects the uncertainty on the Vela pulsar distance that is about 6% (Vela distance is 287 +19 −17 pc) [69] and the variation due to the assumed initial rotation period 10 < P 0 (ms) < 30.
Model 2: using Crab-like parameters for Vela-X
Observation of the timing properties of the other five pulsars, younger than Vela, gives for the braking index n values in the range between 2 and 3 [72] . All of them are more similar to the value for the Crab nebula with respect to Vela-X. Therefore, we can alternatively assume that all the pulsars are similar at their birth and then we can take the properties (initial rotation period, breaking index) of Crab. We need to assume that there is a variation of the braking index from 2.5, at the birth, down to 1.4, at later time. It could be associated to some changes in the structure of the neutron star, as suggested by the observation of glitches in the rotation period [73] . We do not have a model for this variation and, therefore, it is not currently possible to evaluate the photon spectra at the present day, but we can use the Crab photon spectra observed after ∼ 1000 years from the birth. For the Crab-like source the initial spin-down time scale is τ 0 ∼ 700 years and the characteristic age is τ age,c ∼ 11 kyrs. The conversion efficiency of the spin down power into particle luminosity (η) is defined by [17] (η e + +η e − = 2η e + = 0.1).
Therefore, we take electron-positron spectra, normalized to the photon emission like in the Crab nebula, and propagate the source spectrum after T ∼ 1000 years, as assumed in [18] . In Fig. 3 and 4 the positron or electron spectrum, obtained from Eq. (13) using all the Crab parameters, is shown for Vela-X (Model 2). The main parameters of the two models are summarized in Tab. 3.
From an inspection of Fig. 3 , one may remark that the measured electron and positron intensities can be accounted for by the flux expected from Vela-X within models 1 and 2. Fig. 4 shows the comparison between our models (cLIS and Vela-X contributions) and the absolute AMS-02 electron plus positron flux. The shadowed bands keep into account the uncertainties due to the cLIS parameters (see Tab. 2), the error Tab. 2), the error on the Vela-X distance and, for Model 1, also the variation due to the assumptions on the initial rotation period.
Discussion and Conclusions
In the present paper, we analysed the AMS-02 electron, positron and electron plus positron spectra in the energy range above ∼ 10 GeV. The excess spectra for electrons and positrons were obtained by subtracting the expected "classical" LIS's, computed with GALPROP, to the omnidirectional distributions observed by AMS-02. A comparison above ∼ 50 GeV indicates for electrons and positrons the same flux and the same slope. These excess spectra can be accounted for by pulsar sources in which generated electron-positron pairs will be accelerated by the surrounding pulsar wind nebula. In particular, we evaluated electron and positron spectra generated in the Vela-X PWN and propagated them to the Earth. We used two different models built using observed parameters of Vela and Crab nebulae. Finally, we compared results with observations.
Both models, taking into account uncertainties and assumptions, are not in disagreement with the AMS-02 excess components at energy larger than ∼ 100 GeV. Vela-X Model 2, built on Crab, requires a particle conversion efficiency which is an order of magnitude higher than Model 1. Our results are also in agreement with a smooth change in the spectral shape as reported by AMS-02.
Comparison with data, for energy above 100 GeV (see solid lines in Fig. 4 ), indicates the possibility of an extra source similar to Vela. There is only another known pulsar, B1737-30 (or J1740-3015), with parameters similar to Vela. It is 400 pc far and 20600 years old [75, 76] , but the photon emission of its nebula has not been observed yet. Moreover, statistically we expect just one (or very few) more pulsar like Vela: we can consider a pulsar birth rate of 0.9-2 objects per century [77, 78] , a spatial distribution like in [77] and [79] , pulsars with age from 10 to 50 kyrs in a volume of about 1 kpc 3 around the Earth.
At energies lower than 100 GeV, the tiny discrepancy of Fig. 4 (Model 2) can be covered by mature pulsars (10 5 years) because the low energy electrons and positrons released are still diffusing to the Solar System. The main contribution from this sources comes from Monogem and it is a factor 2 higher than the Vela-X one at 40 GeV.
Our models predict that a single close PWN, Vela-X, may be responsible for at least half of the electron and positron excess in CRs, thus, a dipole signal in the CR arrival directions could be detected. If no other source is missed, we expect a dipole anisotropy above 100 GeV centered in the direction of Vela. At 200 GeV, the dipole anisotropy for electrons plus positrons from Vela-X is expected to be of the order of ∼ 2% [80] not yet excluded by the FERMI experiment [81] . Conversely, at lower energy, several sources can contribute to the electron and positron spectra, but the angular distribution of all these sources should be more isotropic. AMS-02 observation could be able to provide additional data to the anisotropy studies.
Our models predict a change of the slope at energies below 10 TeV (see Fig. 3 ).
Future measurements up to this energy range can be used to confirm or reject such a prediction.
Our results are in agreement with models describing the origin of the pulsar wind nebula (e.g., the one discussed in 40), where the minimal electron and positron luminosity is not expected to be lower than a few percent. Thus, in this context, the current results can be used to constrain the fraction of the spin-down luminosity which is transferred to particle acceleration needed to fit the excess spectra observed by AMS-02.
Finally, the satisfactory agreement between the models and the data leads to keep into account PWN as source of electrons and positrons. Therefore, a realistic LIS should include this type of electrons and positrons sources.
